Fast capacity degradation and low sulfur loading hamper lithium-sulfur batteries from practical application. We present here a flexible and robust paper electrode consisting of carbon nanotubes (CNT) and activated carbon nanofibers (ACNF) loaded with MnO 2 nanosheets to serve as an efficient sulfur host for Li/dissolved polysulfide batteries. This integrally-designed flexible host facilitates high sulfur loading, improves sulfur utilization, and suppresses effectively the parasitic shuttle. Accordingly, the Li/dissolved polysulfide cells with high sulfur loading exhibit a high-rate capacity of 780 mAh g  at 2C rate and a high capacity retention of 64% over 300 cycles, demonstrating great promise for practical applications of Li-S batteries. In addition, a stable lithium-metal anode resulting from the suppressed shuttle effect is also proved to contribute significantly to the promising cycling performance.
3 time-consuming. Carbon interlayers have been shown to act as an upper current collector for fast electron transport and provide a physical barrier to block the migration of polysulfides, but they introduce additional weight and thereby decrease the overall energy density [12] [13] [14] . In addition, the nonpolar nature of carbon dramatically weakens its ability to bind and confine the polar polysulfide species within the cathode during cycling [15] .
Recently, compositing polar metal oxides with conductive carbon matrix has been extensively investigated to bond with polysulfide species [13, [16] [17] [18] [19] [20] [21] [22] . The combination of physical barrier and chemical binding of polysulfides greatly suppresses the polysulfide shuttle, and endows improved cycle stability. However, the sulfur utilization and rate performance are still low due to the intrinsically poor electrical conductivity of the metal oxides, especially at high sulfur loading (> 2 mg cm  ) [23] [24] [25] . Therefore, it is highly desirable, but still challenging, to achieve high sulfur utilization while effectively suppressing the polysulfide shuttle. Generally, the improved cyclability of Li-S batteries is ascribed to the suppressed polysulfides [26] [27] [28] [29] . However, the key role of Li-metal anode hidden behind the suppressed polysulfide shuttle in contributing to the improved cycling stability has seldom been reported. Furthermore, the influence of polysulfide trapping on lithium-metal anode protection is also being largely neglected.
Herein, we present a flexible paper electrode composed of carbon nanotubes (CNT) and activated carbon nanofibers (ACNF) loaded with polar MnO 2 nanosheets as a highly efficient sulfur host for Li/dissolved polysulfide batteries. The ACNFs are hollow, which provide a large reservoir for liquid polysulfides. The CNTs form a highly conductive network and firmly bind the electrode material together. The MnO 2 nanosheets anchored to ACNF can chemically bind the polar lithium polysulfides and effectively suppress the shuttle effect. As a result, the Li/dissolved polysulfide cells exhibit high rate capacity and superior cycle stability at 0.5C rate over 300 cycles. In addition, we show that the suppressed polysulfide shuttle and the resulting stabilized lithium-metal anode contribute together to the improved cyclability.
Experimental
Fabrication of CNT/ACNF@MnO 2 host for polysulfide catholyte: The ACNFs were prepared by activating CNFs with CO 2 at a high temperature, as described previously [30] . The incorporation of MnO 2 nanostructure on the surface of ACNF was achieved by immersing ACNF into a KMnO 4 solution at 65 ºC [31, 32] . After 30 min, the intermediate product (ACNF@MnO 2 ) was collected by vacuum filtration, followed by rinsing with water and isopropanol. Then, a pre-sonicated CNT solution in isopropanol, together with the obtained ACNF@MnO 2 , was mixed, dispersed, and filtrated into a flexible CNT/ACNF@MnO 2 paper. Composite papers with higher mass could be obtained by simply increasing the thickness. In this work, different areal masses of ~ 2, 4, and 6 mg cm  were selected for CNT/ACNF@MnO 2 paper to host the polysulfides. For a comparison, CNT/ACNF and ACNF@MnO 2 were also prepared following a similar procedure described above.
Materials Characterization:
The morphology and microstructure of the prepared materials were characterized by SEM (FEI Quanta 650) and TEM (JEOL 2010F). Electrochemical impedance spectroscopy (EIS) data were collected before and after cycling with an impedance analyzer (Solartron 1260A) in the frequency range of 100 kHz to 10 mHz. For the symmetrical cell, two cycled Li-S cells were first disassembled and then the two Li electrodes were assembled in a symmetrical coin cell (2032-Type) in the glove box.
Results and Discussion
The flexible CNT/ACNF@MnO 2 paper electrode was fabricated through a facile shows that MnO 2 coats the external surface of the ACNF and also grows inside the hollow ACNF. Furthermore, the deposited MnO 2 is actually a two-dimensional lamellar structure (Figure 2f ), which could facilitate the adsorption of polysulfides.
The elemental maps show that MnO 2 is homogeneously deposited and distributed throughout the ACNF (Figure 2h ). In addition, the ACNF@MnO 2 entangles well with CNT ( Figure 2g ). CNT provide a highly conductive, mechanically robust structure that enables efficient sulfur utilization. The X-ray photoelectron spectroscopy (XPS) survey spectrum (Figure 3a) confirms the presence of Mn, C, and O elements in the CNT/ACNF@MnO 2 paper.
The high-resolution Mn 2p spectrum ( Figure 3b ) shows two peaks located at 642.2 eV (Mn 2p 3/2 ) and 653.8 eV (Mn 2p 1/2 ), with a spin orbit coupling separation of 11.6 eV, which is consistent with the previous reports on MnO 2 [35] . The 4.8 eV peak separation for Mn 3s and the calculated Mn valence of +3.6 further confirm that MnO 2 is the dominant constituent ( Figure S4 ) [36] . The presence of pure MnO 2 is further verified by Raman spectroscopy ( Figure S5 ) and X-ray diffraction (XRD)
analyses (Figure 3c ), which show that the birnessite-type MnO 2 (JCPDS 42-1317) is formed after immersing carbon into KMnO 4 solution at an elevated temperature. The weak, broad peaks indicate poor crystallinity, which is in accordance with the previous reports on MnO 2 nanosheets prepared by reducing KMnO 4 with carbon [37, 38] . MnO 2 nanosheets in the birnessite phase help constrain the polysulfides within the hollow carbon fibers, and promote a fast redox reaction kinetics [39] . However, too much MnO 2 in the cathode would compromise the overall energy density since MnO 2 suffers from low conductivity and contributes negligibly to the capacity of Li-S batteries [40] . Therefore, we limited the reaction time to control the amount of as-grown MnO 2 . Thermogravimetric analysis (TGA) reveals that the MnO 2 content in the composite is approximately 9.7 wt% (Figure 3d ).
To demonstrate the advantages of MnO 2 in absorbing polysulfides, we compared the cycle and rate performances of the Li/dissolved polysulfide cells containing a CNT/ACNF@MnO 2 host with those employing a CNT/ACNF host. It's worth noting that the CNT/ACNF@MnO 2 host contributes negligibly to the capacity in the voltage range of 1.8 -2.8 V ( Figure S6 ). As shown in Figure 4a , the CNT/ACNF@MnO 2 electrodes with a sulfur loading of 2.4 mg cm  deliver an initial capacity of 1022 mA h g  at 0.2C rate and maintain a stable cyclability of 927 mA h g  after 100 cycles, with nearly 100% Coulombic efficiency. In contrast, the capacity of the CNT/ACNF electrode declines rapidly and only retains a capacity of 545 mA h g  after 100 cycles, even though the initial capacity is almost the same as that of CNT/ACNF@MnO 2 .
Furthermore, the electrode with MnO 2 exhibits higher capacity for all C rates (0.2C and 2C rates). As shown in Figure 4b , the CNT/ACNF@MnO 2 electrode exhibits excellent rate capability and high capacities of 1045, 1000, 955, 911, 878, and 773 mAh g  at, respectively, 0.2C, 0.3C, 0.5C, 0.8C, 1C, and 2C rates. More importantly, the capacity recovers to ~ 915 mAh g  when the rate returns to 0.5C rate, corresponding to an areal capacity of 313 mAh cm -3 , which is comparable to or higher than those reported previously [29, 41] . The significant enhancement in capacity and rate capability can be attributed to the effective localization of polysulfides by MnO 2 , which was further verified by visual observation ( Figure S7 ).
CNT in the CNT/ACNF@MnO 2 hybrid electrode also play a key role in improving the performances. The ACNF@MnO 2 electrode without CNT suffers from poor rate capability due to slow electron and ion transport ( Figure S8 ). Figure S9 ) [42, 43] . The discharge plateaus correspond to the reduction of elemental sulfur to high-order polysulfides and then to Li 2 S/Li 2 S 2 , while the charge plateaus represent the reverse process ( Figure S10 ) [44] .
In addition, these cells show low polarization. For example, the cell displays a long, flat discharge plateau at 0.2C rate with a voltage gap of only 0.18 V. Even at a high rate of 2C, the voltage gap is no more than 0.6 V, and the discharge plateau is still flat and remains above 1.9 V. These values are among the best reported results for Li-S batteries [45] . CV analyses at various scan rates were carried out to determine the lithium-ion diffusion coefficient. As plotted in Figure 4d and Figure S11, To further explore the feasibility of the composite host for high sulfur loading, we prepared thicker electrodes by increasing the thickness of the filter-fabricated paper electrode. In this way, the sulfur loading could be further increased from 2.4 to 4.8 and even to 7.2 mg cm  as the thickness of host electrode increases. 
Conclusion
In summary, we have demonstrated the effectiveness of an integrally-designed 
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